Objective: To identify a biomarker for predicting the appearance of vertical supranuclear gaze palsy (VSGP) in patients affected by progressive supranuclear palsy-parkinsonism (PSP-P).
There is emerging evidence that progressive supranuclear palsy (PSP) includes 2 main clinical phenotypes: the classic Richardson syndrome (RS) and the PSP-parkinsonism (PSP-P). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] RS is characterized by postural instability with falls and vertical supranuclear gaze palsy (VSGP) that occur within 2 years from disease onset. 1, 4, [7] [8] [9] [10] By contrast, PSP-P is characterized mainly by parkinsonism, resting tremor, and a moderate levodopa response with falls and VSGP that may occur later in the course of the disease. 1, 4, 7, 8 A recent retrospective study in 19 patients with definite PSP-P demonstrated that VSGP appeared from 7 to 19 years (mean 10.8 years) after disease onset. 6 Evidence indicates that VSGP is one of the more specific neurologic signs for differentiating patients with PSP-P from those with Parkinson disease (PD). 8 For these reasons, in the absence of VSGP, diagnosing PSP-P may be challenging.
At present, no clinical or radiologic biomarker can predict the appearance of VSGP in patients with PSP-P. Magnetic resonance parkinsonism index (MRPI) has been proven to accurately differentiate patients with PSP from those with PD on an individual basis.
Moreover, the MRPI can predict the evolution of undetermined parkinsonisms toward PSP phenotypes, thus suggesting its usefulness for identifying patients with PSP in very early stages of the disease. 20, 21 In the current study, we investigated the possible usefulness of MRPI in predicting the appearance of VSGP in patients with PSP-P.
METHODS Patients. Twenty-four patients with a clinical diagnosis of PSP-P were consecutively recruited from among those referred to the Institute of Neurology, University Magna Graecia, Catanzaro, Italy, between May 2009 and September 2014. One of the authors (M.M.) with .10 years of experience in movement disorders clinically evaluated all patients. We made the diagnosis of PSP-P according to internationally accepted clinical criteria and expert guidelines. 1, 4 Diagnostic criteria for PSP-P included asymmetric bradykinesia or tremor associated with at least one of the following clinical features developed after 2 years from disease onset: isolated postural instability with backward falls, isolated slowness of vertical saccades, or both postural instability with backward falls and slowness of vertical saccades. 1, 4 For each patient, a complete medical history, neurologic examination, and clinical assessment with the Unified Parkinson's Disease Rating Scale-Motor Examination (UPDRS-ME) 22 and Hoehn-Yahr (H-Y) rating scale 23 (off medications overnight) were available. We used the Mini-Mental State Examination (MMSE) 24 to assess cognitive performance in all patients. Exclusion criteria were history of neuroleptic use within the past 6 months, presence of serum or urinary abnormalities (iron, ferritin, transferrin, calcium, parathormone, ceruloplasmin), evidence of normal striatal uptake in dopamine transporter 123 I-FP-CIT-SPECT, or evidence on the MRI scan of vascular lesions in the basal ganglia.
Standard protocol approvals, registrations, and patient consents. All study procedures and ethics aspects were approved by the institutional review board. In addition, written informed consent was obtained from all participants who were examined as part of the study.
MRI acquisition and analysis. All patients had brain MRI with a 3T MR750 GE MRI scanner and an 8-channel head coil. All study participants underwent the same MRI protocol, including 3-dimensional T1-weighted volumetric spoiled gradient echo (sagittal section; repetition time/echo time 9.2/ 3.7 milliseconds; slice thickness 1.0 mm; frequency and phaseencoding matrix 256 3 256; flip angle 12 8 ; field of view 25.6 mm), T2-weighted fast spin echo (axial section; repetition time/echo time 5462/85 milliseconds; slice thickness 4.0 mm; frequency and phase-encoding matrix 512 3 256; field of view 24 mm), and T2-weighted fluid-attenuated inversion recovery (axial section; repetition time/echo time/inversion time 9500/ 100/2250 milliseconds; slice thickness 4.0 mm; frequency and phase-encoding matrix 512 3 256) sequences. Two independent raters with .10 years of experience in neuroradiology who were blinded to patient diagnoses analyzed the images. Midbrain area, pons area, middle cerebellar peduncle (MCP) width, and superior cerebellar peduncle (SCP) width were measured according to the methods described previously. 11, 25 The MRPI was calculated by multiplying the midsagittal area of the pons/midsagittal area of midbrain (P/M) by the MCP width/SCP width:
Study design. In this cohort study, patients underwent neurologic examination and MRI at baseline and at the end of the follow-up. At baseline and follow-up, levodopa response was assessed both in the off state (off medication overnight) and 2 hours after drug administration as a clinical improvement of $20% on the UPDRS-ME score. Patients were clinically followed up every 6 months by one of the authors (M.M.) who was blinded to the MRI measurements. For each patient with PSP-P, follow-up was calculated as the time interval between the date of baseline evaluation (clinical examination and MRI measurements) and the appearance of clinical evidence of VSGP with normal vestibular-ocular reflex or as the time period of 4 years in the absence of VSGP. Palsy of both voluntary downward and upward vertical gaze and palsy of downward and marked limitation of upward vertical gaze were the established ocular motor criteria for the diagnosis of VSGP. 26 Intrarater and interrater evaluation. To assess the intrarater reliability, each measurement was repeated (images in a different order) 2 weeks later by the same rater who was blinded to the first MRI evaluation. Two independent raters performed interrater evaluation in both MRI evaluations (baseline and follow-up).
Statistical analysis. The differences at baseline evaluation in sex distribution, levodopa responsiveness, and clinical features between patients with PSP-P who developed VSGP at followup and those who did not were assessed with the Fisher exact test. At follow-up, the Fisher exact test was also used to compare levodopa responsiveness between patients with PSP-P developing VSGP and those not developing VSGP. The Shapiro-Wilk test was used to assess data distribution properties to choose the most appropriate statistical test for group comparisons. At baseline evaluation, to assess differences between patients with PSP-P developing VSGP and those not developing VSGP, the t test was used to compare age at examination, age at disease onset, disease duration, pons area, midbrain area, MCP width, and SCP width, while differences in MMSE score, UPDRS-ME score, H-Y score, and MRPI were assessed by means of the Mann-Whitney U test. At follow-up, the t test was also used to compare age at examination, disease duration, pons area, midbrain area, SCP width, and MRPI, while the Mann-Whitney test was used to compare MMSE score, UPDRS-ME score, H-Y score, and MCP width. Moreover, we calculated the optimal cutoff values for midbrain area, SCP width, and MRPI as the levels with the maximum sum of sensitivity and specificity using the receiveroperating characteristic curve analysis. Sensitivity, specificity, positive predictive value, negative predictive value, and diagnostic accuracy were determined for differentiating patients with PSP-P developing VSGP from those not developing VSGP using clinical features and brain MRI measurements. The McNemar test was used to compare the diagnostic accuracy of clinical features and MRPI in differentiating patients with PSP-P developing VSGP from those not developing VSGP. To assess differences in MRPI value between baseline and the follow-up evaluation, a mixed-model analysis of variance was performed, considering status (developing, not developing) as a between factor and time (baseline, follow-up) as a within factor. To assess the intrarater and interrater reliabilities, the intraclass correlation coefficient was calculated. All tests were 2 tailed, and the a level was set at p , 0.05. Statistical analysis was performed with R statistical software (R for Unix/Linux, version 2.15.1, R Foundation for Statistical Computing, Vienna, Austria, 2012).
RESULTS Demographic, clinical, and radiologic data of patients with PSP-P are listed in table 1. Twenty-one of 24 patients with PSP-P completed the study; 3 patients (1 patient with slowness of vertical saccades and 2 patients with postural instability with backward falls and slowness of vertical saccades) dropped out. In particular, 1 patient died and 2 patients were lost during the follow-up.
Eleven of 21 patients (52.3%) with PSP-P developed VSGP during the follow-up. The mean 6 SD duration of clinical follow-up period for these patients was 28.5 6 13.6 months (range 6-48 months). None of the remaining 10 patients with PSP-P developed VSGP within 48 months of the clinical observational period. Baseline comparisons of clinicoradiologic data between patients with PSP-P developing and not developing VSGP are shown in table 1 and figure 1. More than 50% of patients in both groups showed levodopa responsiveness. It is noteworthy that the patients with PSP-P who developed VSGP showed baseline MRPI values (mean 14.77; range 12.52-20.24) that were significantly higher (p , 0.001) than those detected in patients who did not develop VSGP (mean 9.77; range 7.90-11.34) without overlapping values between the 2 groups (table 1) . Follow-up comparisons of clinicoradiologic data between these 2 patient groups are shown in table 2. Of note, most patients in both groups lost levodopa responsiveness, with this result being more evident in those patients who developed VSGP. Comparisons between MRPI values in patients with PSP-P Table 1 Baseline clinicoradiologic data in the whole group of patients with progressive supranuclear palsy-parkinsonism (PSP-P) and in patients developing and not developing vertical supranuclear gaze palsy (VSGP)
PSP-P (whole sample) PSP-P developing VSGP PSP-P not developing VSGP developing and not developing VSGP at baseline and follow-up are shown in figure 2 . The mixedmodel analysis of variance showed a significant effect of status (developing, not developing; p , 0.001) and no significant effect of time (baseline, follow-up; p 5 0.38), while the interaction of status and time was shown to be slightly significant (p 5 0.045), thus suggesting that the change in MRPI values from baseline to follow-up evaluation was higher in patients with PSP-P developing VSGP than in those not developing VSGP.
Sensitivity, specificity, positive predictive value, negative predictive value, and diagnostic accuracy of baseline clinical features and MRI measurements to predict VSGP in patients with PSP-P are summarized in table 3.
There was an excellent intrarater correlation between repeated MRI measurements at baseline DISCUSSION The results of our study show that MRPI is a highly accurate magnetic resonance measure for predicting VSGP in patients with clinical phenotypes that fulfilled the criteria for PSP-P. In particular, MRPI is more powerful in predicting VSGP than clinical features suggestive of PSP-P such as slowness of vertical saccades and postural instability with or without slowness of vertical saccades.
In the last decade, a new nosology for PSP [1] [2] [3] [4] [5] [6] [7] [8] [9] has emerged that confirmed the original observations 10 but also separated out several clinical subtypes that would otherwise not satisfy the established consensus criteria for PSP. 26 According to the results of a large clinicopathologic series of patients with PSP, some researchers renamed the classic PSP form as RS and proposed the term PSP-P for the clinical phenotype similar to PD, which accounted for up to one-third of their PSP cases. 1, 4 The major difference relates to the regional distribution of pathology and the resulting clinical phenomenology with greater tau burden in RS than in PSP-P. [1] [2] [3] [4] [5] [6] In the early stage of the disease, PSP-P phenotype shows a clinical picture similar to that observed in patients with PD characterized by asymmetrical onset, resting tremor, rigidity, moderate initial response to levodopa, a later age at onset, and a more favorable disease course compared with RS. 1, 4 Indeed, in a recent retrospective review, 8 no clinical feature distinguished PSP-P from PD in the early stage of the disease. VSGP appeared to be the most specific clinical sign of PSP-P compared to PD and multiple system atrophy, 8 but this clinical sign often occurs later during the course of the disease. A recent retrospective study in 19 patients with definite PSP-P demonstrated that VSGP appeared from 7 to 19 years (mean 10.8 years) after disease onset. 6 Thus, at the present time, diagnosing PSP-P may be challenging in the early phase of the disease in the absence of VSGP. To the best of our knowledge, no biomarker exists that is capable of predicting the appearance of VSGP in patients with clinical features fulfilling criteria for PSP-P.
In the last few years, several MRI measurements such as the ratio of midbrain to pons areas [27] [28] [29] [30] [31] [32] and MRPI [11] [12] [13] [14] [15] [16] [17] [18] [19] have been reported to accurately diagnose patients with PSP. Both MRI measurements have proven to be useful tools for diagnosing PSP, [11] [12] [13] [14] [15] [16] [17] [18] [19] [27] [28] [29] [30] [31] [32] but the ratio of midbrain to pons areas was reported to be influenced by aging 33 and thus is less reliable than MRPI for diagnosing this disease, which typically occurs in older people. Moreover, increased MRPI values were reported to be capable of predicting PSP in patients with undetermined parkinsonisms, a finding of great interest for diagnosing these diseases at a very early stage. 21 In the current study, we found that 11 of 21 patients with PSP-P developed VSGP after a mean follow-up period of 28.5 months (range 6-48 months), while the remaining 10 patients with PSP-P did not develop VSGP during the follow-up period of up to 4 years. These 2 groups did not show significant differences in baseline demographic or clinical variables except for UPDRS-ME and H-Y scores, which were Table 2 Clinicoradiologic comparisons in patients with progressive supranuclear palsy-parkinsonism (PSP-P) developing and not developing vertical supranuclear gaze palsy (VSGP) at the end of follow-up PSP-P developing VSGP PSP-P not developing VSGP slightly higher in patients developing VSGP with a large overlap between the 2 groups. It is noteworthy that patients with PSP-P who developed VSGP showed at baseline significantly higher MRPI values (mean 14.77; range 12.52-20.24) than those detected in patients with PSP-P who did not develop VSGP at the end of follow-up (mean 9.77; range 7.90-11.34) without overlapping values between the 2 groups. This result is in accordance with a previous study showing that among patients with undetermined parkinsonism, baseline MRPI had higher values in patients who later developed PSP compared with those not developing this disease. At the end of the follow-up period, the MRPI values of patients who developed VSGP were significantly higher than those detected at baseline (mean 15.48; range 14.11-17.86), whereas no differences between baseline and follow-up MRPI values (mean 9.76; range 7.37-11.57) were observed in patients not developing VSGP (figure 2). Our findings therefore indicate that patients with PSP-P who developed VSGP had, at the end of follow-up, a worsening atrophy of infratentorial brain structures measured by MRPI, a finding not observed in patients with PSP-P not developing VSGP.
Of note, the patients with PSP-P not developing VSGP showed baseline MRPI values very similar to those reported in our recent study 33 in patients with PD with similar motor disability scores (MRPI mean values 9.77 vs 9.85, respectively). Although baseline MRPI was not different between these 2 groups, the PSP-P midbrain area value was smaller than that detected in PD, suggesting that this brain structure may be involved early in patients with PSP-P not developing VSGP. Why patients with PSP-P not developing VSGP had baseline and follow-up MRPI values lower than those developing VSGP is still unknown. Because the clinical development of VSGP in patients with PSP-P may take up to 17 years, 6 it is possible that the patients not developing VSGP after 4 years of follow-up may require a longer period of clinical observation before developing VSGP.
Alternatively, because falls occur very frequently in the elderly and ocular slowness is a clinically difficult sign to evaluate, it is possible that some patients with PD have been misdiagnosed as having PSP-P. However, because the large majority of these patients not developing VSGP (7 of 10) showed no levodopa responsiveness at the end of follow-up, the diagnosis of PD seems unlikely. Whether these patients can be considered to have PSP-P in a very early stage or are affected by other forms of parkinsonism needs to be elucidated. Pathologic studies in these patients not developing VSGP are warranted.
Of note, in patients with PSP-P developing VSGP, baseline MRPI showed a higher sensitivity (100%) and specificity (100%) in predicting the clinical development of VSGP than clinical features typically occurring in PSP-P. The combination of postural instability with backward falls associated with slowness of vertical saccades showed an accuracy of 71.4%, while isolated postural instability with backward falls or isolated slowness of vertical saccades had an accuracy of 42.9% and 33.3%, respectively. These results are in agreement with those of our previous study 21 in which we demonstrated that clinical features suggestive of PSP such as slowness of vertical saccades or first-year falls had a lower accuracy (61.9% and 73.8%, respectively) than MRPI (92.9%) in predicting the evolution of undefined parkinsonisms toward clinical phenotypes that fulfilled the diagnostic criteria for possible or probable PSP. 26 There were some limitations to this study. We used clinical criteria for the diagnoses of disease, and none of our patients underwent autopsy. Thus, it is possible that in some patients, including those with PSP-P with normal MRPI, the clinical diagnosis may be in error. However, these clinical evaluations had been performed according to operational diagnostic criteria and expert guidelines 1, 4, 26, 34 and were carried out by a specialist in movement disorders with extensive experience in diagnosis and management of PSP. In the current study, MRI was performed with a 3T scanner, which is not always available in movement disorder clinics. However, we previously performed several studies on MRPI using a 1.5T scanner, 11, 15, 21 supporting the reliability of 1.5T scanners for MRPI measurements also in patients with PSP-P. 21 The small sample size of patients with PSP-P is another limitation of our study; however, PSP-P is a rare disease, and imaging data repeated over time were difficult to obtain. The large majority of previous studies of PSP-P enrolled a number of participants similar to ours. However, larger studies with longer follow-up times are needed to confirm our results.
Our study demonstrates that MRPI was more powerful than clinical features in predicting the appearance of VSGP in patients with PSP-P on an individual basis. VSPG remains one of more specific signs for diagnosing PSP-P, but its appearance in some patients may require many years after disease onset. Therefore, the negative predictive value of baseline MRPI is strictly for VSGP at 4 years of follow-up and not necessarily for the diagnosis of PSP-P. Our study showed that MRPI accurately predicts VSGP and may help distinguish PSP-P from other parkinsonisms in early stages of the disease.
AUTHOR CONTRIBUTIONS
Prof. Quattrone: drafting/revising the manuscript, study concept or design, analysis or interpretation of data, study supervision. Dr. Morelli: drafting/revising the manuscript, analysis or interpretation of data, acquisition of data. Dr. Williams: drafting/revising the manuscript, analysis or interpretation of data. Dr. Vescio: analysis or interpretation of data, statistical analysis. Dr. Arabia: drafting/revising the manuscript, analysis or interpretation of data. Dr. Nigro: analysis or interpretation of data. Dr. Nicoletti: analysis or interpretation of data. Dr. Salsone: analysis or interpretation of data. Dr. Novellino: analysis or interpretation of data. Dr. Nisticò: analysis or interpretation of data. Dr. Pucci: analysis or interpretation of data. Dr. Chiriaco: acquisition of data. Dr. Pugliese: acquisition of data. Dr. Bosco: acquisition of data. Dr. Caracciolo: acquisition of data.
STUDY FUNDING
This study was supported by the PON Neuromeasures (PON03PE_00009_1).
DISCLOSURE

